) along with dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS). GPS-NMR is used as a tool for fast analysis of the protein unfolding processes upon external perturbation, and DLS and SAXS are used for further structural characterization of the unfolding states. The combination allows addressing detergent properties and protein conformations at the same time. The mapping of the states reveals that KcsA undergoes a series of rearrangements which include expansion of the tetramer in several steps followed by dissociation into monomers at 29% TFE. Supplementary studies of DDM and TFE in the absence of KcsA suggest that the disintegration of the tetramer at 29% TFE is caused by TFE dissolving the surrounding DDM rim. Above 34% TFE, KcsA collapses to a new structure that is fully formed at 44% TFE.
Introduction
The integrity of membrane proteins within membranes is an intensely debated topic, which has stimulated the use of techniques as diverse as atomic force microscopy [1] , laser-induced oxidation labeling [2] , electrospray ionization mass spectrometry [3] , Ф-value analysis [4] , and molecular modeling [5] , to provide information about the protein-membrane and intra-protein interactions stabilizing various folding states. Extensive studies, for example by the groups of Bowie [6, 7] , MacKenzie [8] , Booth [4, 9] and Otzen [10] [11] [12] [13] have provided important information about folding, denaturation, and unfolding properties of helical membrane proteins, although details of these mechanisms are still subject to considerable debate. This is not unreasonable considering the challenge addressing not only the structures of the protein itself but also its environment, and the delicate interactions between these entities.
Insight into the so-called membrane folding problem, i.e., how membrane proteins fold in the membrane to reach their final topology [4, 6] is essential for the understanding of misfolding processes that are involved in, among others, membrane protein recycling and human diseases. So far, the folding processes for β-barrel membrane proteins have been more extensively investigated and are better understood than for helical membrane proteins. This may be ascribed to the ability to refold such proteins directly from the completely unfolded denaturant-stabilized state into membranes or vesicles. Reversible unfolding have only been reported for a small collection of α-helical membrane proteins, including bacteriorhodopsin (bR) [14] , diacyl glycerol kinase (DAGK) [15] , disulfide bond forming protein B (DsbB) [11, 12] , and the potassium channel KcsA [16] . With regard to protein folding/unfolding, bR is probably the most well-characterized membrane protein [17] . For bR, a typical approach in unfolding studies has involved initial denaturation by SDS [18, 19] followed by refolding by addition of bicelles containing a mixture of long-and short-chain lipids. The native state of bR is reached via a number of spectroscopically distinct intermediate states [20] . Interestingly, it has recently been observed that the SDS-unfolded state maintains most of the structure in the transmembrane core [2] . In a similar way, KcsA appears to preserve its tetrameric state also in the presence of harsh detergents like SDS [21] . KcsA has been studied using TFE as unfolding agent [16, 22] . Unfolding of KcsA by TFE in similar settings has led to two different unfolding models. In the first model [23] , TFE is proposed to indirectly affect KcsA stability by modifying the lateral pressure of the reconstituting lipid environment which depends on the nature of the molecule applied for the protein reconstitution, for example, whether KcsA is embedded in a phospholipid membrane or in a surfactant rim that solubilizes the protein [23, 24] . In the second model [22] , TFE is proposed to interact directly with the protein which subsequently rearranges and unfolds. The models agree in that dissociation and the unfolding of the tetramer occur at the same time, and in that the unfolding process goes through a stage where the helical content decreases. With such complex interaction patterns, it is important to have available methods that quickly and with a reasonable amount of detail can map essential points for fundamental changes in the protein folding pattern as well as changes in the environment (unfolding/ folding agents, membranes etc.) upon systematic change of system parameters. This may provide more information about distinct folding states and thereby underpin models describing the interaction of the denaturant with both the membrane protein and the lipid environment. To obtain simultaneous information about the unfolding process of α-helical membrane proteins as well as the involved changes in detergent and denaturant conditions, we explore here the use of the recent GPS-NMR (Global Protein folding State Mapping by NMR) technique [25] in combination with dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS) to study TFE-induced unfolding of KcsA reconstituted in DDM rims. GPS-NMR offers the attractive feature of mapping all protons from the liquid-state NMRvisible constituents in the sample, including the protein as well as membrane/surfactant and denaturation agents. The use of principal component analysis (PCA), which is a data handling procedure not requiring detailed assignment of resonances, renders GPS-NMR an interesting complementary approach to existing high-throughput biophysical methods often only probing specific (e.g., fluorescently labeled) sites in the protein itself, global changes in the secondary structure, or the overall state of the system. On the basis of the combined information from GPS-NMR, DLS, and SAXS, we create links between models proposed from previous unfolding studies of KcsA and suggest a more general model for the main interactions involved in chemical unfolding of α-helical membrane proteins.
Materials and methods

Sample preparation
Expression of the wild-type KcsA protein with an added Nterminal hexahistidine tag in Escherichia coli M15 (pRep4) cells and its purification by affinity chromatography on a Ni 2 + -NTA agarose column were carried out as reported previously [22] . We note that the KcsA (160 residues) used in this study has additionally a linker and six histidines leading to a molecular weight of 19.3 kDa for the monomer and 77 kDa for the tetramer [26] . For NMR experiments, titrations were performed on a solution of KcsA containing 5 mM DDM, 20 mM Hepes buffer, and 100 mM KCl at pH 7. The starting concentration of the protein was 1.3 mg/ml (16.8 μM in terms of KcsA tetramers) for NMR analysis. For SAXS and DLS, the same sample preparation and buffer were used with an initial protein concentration of 2.0 mg/ml (25.9 μM). For DLS experiments, the sample was diluted to an initial concentration of 0.38 mg/ml (5 μM) by the same buffer solution applied for the protein including 5 mM DDM. We note that SAXS modeling suggest that the DDM concentration was about 15 mM in the 2.0 mg/ml KcsA sample due to simultaneous up-concentration of protein and DDM during the preparation of the samples for SAXS (see Section 3.6). Based on these numbers, the initial concentration of free DDM in the DLS sample was 7 mM. For NMR, the solution also contained 10% D 2 O for frequency lock and 0.25 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) for chemical shift reference. The protein titrations were performed by adding TFE 0-50% (vol/vol) to a KcsA:DDM (1:300, KcsA tetramer:DDM monomer) solution in Hepes buffer (5 mM DDM, 20 mM Hepes buffer and 100 mM KCl at pH 7).
The titrations of DDM solutions (5 mM DDM, 20 mM Hepes buffer, and 100 mM KCl at pH 7) were performed under identical conditions with the exception that the DSS reference was included in a purposebuilt glass microtube (1 mm in diameter) to avoid changes in the reference frequency due to potential interference due to interactions between DSS and TFE. All spectra were recorded at ambient temperature (298 K).
NMR experiments
KcsA 1D NMR spectra were acquired at 298 K on a Bruker Avance-II 700 widebore NMR spectrometer (700.09 MHz) (Bruker BioSpin, Rheinstetten, Germany) using a triple-resonance TXI probe equipped with a z-gradient. For each titration point a 1D 1 H NMR spectrum was acquired using a modified WATERGATE pulse sequence [27] with a selective pulse applied at 8 ppm to excite the relevant spectral region (32,768 points, 512 scans, spectral width of 17 ppm). 1D
1 H NMR spectra of DDM were obtained on a Bruker Avance-III 500 NMR spectrometer (500.13 MHz) using a triple resonance TXI probe equipped with a z-gradient. For each titration point a spectrum was acquired using standard WATERGATE [27] (9614 points, 64 scans, spectral width of 12 ppm). Prior to each acquisition, the sample was allowed to equilibrate for 5 min in the spectrometer, followed by quick shimming.
GPS-NMR analysis
Variations between spectra were analyzed by reducing the dimensionality of the data set using principal component analysis (PCA) [28] . The principal components (PCs) are uncorrelated, and ordered by the amount of information they contain. Each PC is described by a "loading" vector, that is, positive/negative resonances as a function of chemical shift, and "scores" that describe the relative contribution of the loading vector to each spectrum. The processes that occur, for example, as a ligand is added, are well described by a few PCs. Since the number of processes is much lower than the number of signals measured, this applies also in the case of severely overlapping resonances.
The data were Fourier transformed (FT) and apodized using TOPSPIN (Bruker BioSpin, Rheinstetten, Germany). An exponential line broadening of 5 Hz was applied to the free-induction decay (FID) prior to FT of the KcsA spectra. FIDs acquired from DDM samples did not require any line broadening. All spectra were referenced to DSS at 0.0 ppm, manually phased, and baseline corrected. Data reduction was accomplished by dividing the spectrum into 0.01-ppm regions (bins) over which the signal was integrated to obtain the signal intensity. For KcsA, only the region containing signals from the protein was used (11.0-5.8 ppm) for PCA, while for DDM signals from the hydrophobic chain were used. The signal intensity was normalized considering the volumetric dilution and the total signal intensity of the analyzed region. PCA was performed using Simca-P 12.0 (Umetrics, Umeå, Sweden). The number of significant PCs and the uncertainty in the score values were determined by crossvalidation [29] .
DLS experiments
Dynamic Light Scattering (DLS) was performed on an ALV system (ALV GmbH, Langen, Germany) operating at a wavelength of 633 nm and the scattered light was detected at an angle of 90°. All samples were centrifuged for 15 min at 4000 rpm prior to measurements. The TFE for titration was filtered to avoid introducing dust into the sample. For KcsA the sample was centrifuged after each TFE addition for TFE concentrations higher than 17% to sediment aggregates, as they became visible to the naked eye. The data were analyzed using the ALV Correlator 3.0 software by expressing the electric field correlation function as a sum of exponentials. The analysis was repeated using Origin (OriginLab) in order to obtain standard errors on the results. We note that with the use of the sum of exponentials, it was not possible to determine polydispersities for the individual components. The fits give the intensity-weighted diffusion constants, and the hydrodynamic (Stokes) radius R h , was calculated using the Stokes-Einstein equation R h = k B T/6πηD, where D is the intensity-weighted translational diffusion constant, k B Boltzmann's constant, T the temperature, and η the liquid viscosity. The values for the viscosities of the TFE-water mixtures were taken from Ref. [30] . For the samples with only DDM, two exponentials with diffusion constants corresponding to, respectively, 1-4 nm and 80-140 nm were required for fitting the correlation functions. For the DDM-KcsA samples, it was for some of the samples necessary to have one additional exponential. In this case the size of the smallest species was 1-8 nm, whereas the other components were in the range 22-500 nm. Only the results for the smaller species are given since it is this one that can be associated with, respectively, the DDM micelles in the DDM samples and with DDM micelles and DDM-KcsA complexes in the KcsA-containing samples.
The hydrodynamic radius (R h ) was calculated for the SAXS models using HYDROPRO [31, 32] and for the ellipsoidal models for the DDM micelles it was estimated as the average outer radius as suggested in [33] .
SAXS experiments
SAXS measurements were carried out on the laboratory-based small-angle X-ray scattering (SAXS) facility at Aarhus University [34] . The scattering data were collected for between 4 and 6 h, dependent on sample concentration, and so were their respective backgrounds. Initial data treatment, background subtractions, and conversion of the data to absolute scale, using water as a primary standard, were performed using the SUPERSAXS program package (Oliveira, C.L.P. and Pedersen, J.S., unpublished). Finally, the intensity, I(q), was displayed as a function of the magnitude of the scattering vector, q. The scattering vector is given as q = 4π sin θ/λ, where the X-ray wavelength, λ, is 1.54 Å and 2θ is the angle between the incident and scattered X-rays. In order to obtain model-independent real-space information from the SAXS data an indirect Fourier transformation (ITF) [35] was performed for the data from the KcsA-DDM system. This procedure provides the pair distance distribution function, p(r). The program WIFT [36, 37] was used.
SAXS modeling
Micelle model
The SAXS data obtained for DDM micelles in 100 mM KCl with an increasing TFE concentration was modeled using an ellipsoid of revolution with a core-shell structure in which the thickness of the shell was constant. The scattering intensity can be expressed as I(q) = nP (q), where n is the number density of particles and P(q) the form factor. The two axes of an ellipsoid of revolution are related by the aspect ratio, ε. The orientationally averaged form factor for a core-shell structure is given by /2), where σ is the width of the interface. The smeared interfaces are introduced as the boundaries are not expected to be sharp due to disorder on the molecular/atomic level. In the modeling D was fixed at 8 Å and the inner and outer interfaces (σ) were 1 and 3 Å, respectively. Aggregation numbers of the micelles are calculated by dividing the volume of the core of the micelles by that of a C12 hydrocarbon chain (352 Å 3 ) [38] .
Models for protein-surfactant complexes
Modeling of the SAXS data was performed utilizing the known structure for KcsA for the Cα atoms (PDB: 1F6G). The excess scattering length of the points representing the Cα atoms was taken to represent that of an average residue. The detergent rim was modeled by Monte Carlo points to describe an ellipsoidal core-shell structure of a certain size with a constant head-group shell. The rim was placed to cover the hydrophobic transmembrane region of KcsA. Points in a volume within the ellipsoidal structure corresponding to that of the protein were discarded. The excess scattering length of the points within the hydrocarbon region and head-group region of the rim was taken so that the regions represent the scattering from a certain number of DDM molecules. When calculating the excess scattering length, the variation of the average electron density of the solvent when adding TFE was taken into account [30] . The theoretical scattering curve for the entire complex was computed using the Debye equation [39] . To account for free micelles in the solution a linear combination of the theoretical data from the model and scattering data obtained for free micelles was fitted to the experimental data.
Results
Mapping the interaction between KcsA and TFE using GPS-NMR
The interactions between TFE and KcsA reconstituted in DDM micelles in the presence of KCl were analyzed using GPS-NMR [25] . GPS-NMR combines the acquisition of simple/fast 1 H 1D NMR spectra during protein perturbation (e.g., by ligand titration) with PCA [40] to analyze spectral variation. This allows us to follow the overall spectral changes (in signal intensities, and line width) to describe the changes in the system during the titration. GPS-NMR is not limited to report on the total changes of the system but may also be focused on different regions of the 1D 1 H NMR spectra to follow the process of the individual constituents through selection of specific spectral regions. H NMR spectra recorded during a titration of KcsA in DDM with TFE using 12 min of acquisition after each addition of TFE (the total TFE concentration is marked on the spectra). To focus on the unfolding of KcsA, the GPS-NMR analysis (by PCA) was performed on the spectral region containing signals from amide and aromatic groups of KcsA, which also benefits from the absence of solvent signals (enlarged spectra of the spectrum region 5.5-10.5 ppm are reported in Fig. 3 ). Fig. 1a shows the spectral input to the PCA analysis, in this specific case a set of spectra where the 11.0-5.8 ppm region has been integrated into 520 bins of width 0.01 ppm normalized to the total integral area in the range 8.8-6.8 ppm. In Fig. 1a , the shaded gray areas mark the regions 7.52-7.29, 7.87-7.67 and 6.93-6.83 ppm which have been removed before the PCA to avoid potential interference from the hexahistidine tag HN, Hδ2, and Hε1 signals [41, 42] . The analysis revealed three components accounting for 70, 11, and 5% (the total is 86%) of the spectral variation suggesting two intermediate states (three transitions). The 2D PC1-PC2 plot in Fig. 1b provides a map of the interaction of TFE with KcsA reconstituted in DDM upon increasing the concentration of TFE over the range 0-50%, while the loadings for PC1 and PC2 included in Fig. 1c may provide details on the spectral components giving rise to the trajectory in the 2D score plot. PC3 was not displayed since it accounts for a very limited fraction of the variation and does not improve the overall picture described by the PC1-PC2 plot.
The 2D score plot (Fig. 1b) reveals an inflection at 34% but also a less sharp kink at 24-26% TFE and an end point at 44% TFE. These features are indicative of distinct folding states. Furthermore, the map indicates a possible additional intermediate state at 13% TFE (arrows, Fig. 1b) . The state at 13% TFE is not accounted for by an additional PC (i.e., there is no fourth principal component), which might be because the changes below 13% are of relatively limited amplitude and/or are co-linear with the later changes. According to the map, PC1 shows the greatest variation in two ranges, 0-13% and 24-34% TFE, particularly the latter region (see also Fig. 2a ). PC2 is mainly responsible for variation in the range 13-44% TFE. The loading plots in Fig. 1c show the relative contributions of spectral components at different chemical shifts to PC1 and PC2. The positive and negative signals show how much the various components increase or decrease as the score increases ( Fig. 1b and c) . Fig. 2 shows the GPS-NMR PC1 and PC2 scores plotted against the TFE concentration ( Fig. 2a ) along with the changes in the integral area of the protein 1 H NMR signals in the 6.8-8.8 ppm range (Fig. 2b ), R h measured by DLS (Fig. 2c) , and the associated total light scattering intensity (Fig. 2d) . Both PC1 and PC2 indicate a process with a turning point at 34% TFE. PC1 increases with different rates, reaching a maximum rate between 29 and 34% TFE. Above 34% TFE, PC1 remains relatively constant. In the range 0-34% TFE, PC2 decreases with an increasing rate and reaches a minimum value at 34% TFE, above this TFE concentration PC2 increases reaching a value close to the original one at the final state around 44% TFE. The integral of the protein signals (Fig. 2b ) also indicates that the TFE-KcsA interaction process is characterized by two main steps: one in which the signal decreases (0-34%) and a subsequent one in which the signal increases (34-50%). The signal decrease can be further split up into two regions: a gentle decline at 7-29% and then a sharper drop to an intensity close to half of the original at 34% TFE. The sharp decrease coincides with the region in which PC1 reaches the maximum rate of change. Comparison of the initial and final 1 H NMR integral areas (Fig. 2b) suggests that the native KcsA reconstituted in DDM is only partially visible by standard 1 H liquid-state NMR, probably due to the slow tumbling time of the KcsA-DDM complexes. It has been estimated that KcsA reconstituted in SDS has a molecular weight of 115 ± 10 kDa [43] ; DDM has a higher aggregation number than SDS which likely corresponds to an even higher molecular weight of the DDMKcsA complex as also revealed by the SAXS data (see Section 3.6). Most likely the NMR visible part of KcsA mainly corresponds to flexible regions of the protein including in particular the C-terminal domain [41, 42] . The decrease in the NMR signal intensity around 34% TFE may be ascribed to various factors, including (i) precipitation (supported by the observation of white precipitate in the NMR tube in this concentration range of TFE, moreover precipitation has been previously reported for KcsA and other proteins under similar experimental conditions [10, 23] ), (ii) conformational exchange interfering with the NMR measurements, and (iii) slower tumbling time due to formation of increasingly sized KcsA-DDM-TFE complexes. Note the correlation between the decrease of the NMR signal and the PC1 value in the range 24-34% TFE suggesting that the two variables are related. In contrast to the PCs, the intensity increases all the way up to 50% TFE, suggesting that it is only the concentration/dynamics and not the conformation of the protein that changes above 44% TFE.
Information from dynamic light scattering on KcsA-TFE interactions
In Fig. 2c , the R h of the small species is displayed. It remains constant up to 17% TFE and then starts to increase in two steps: slightly between 19 and 22% TFE and more markedly between 22 and 29% TFE where it reaches a maximum. Notably, the R h also suggests that most of the changes happen in the range of 24-34% TFE (the two concentrations marked with dotted vertical lines in Fig. 2 . At 0% TFE, R h is measured as 53 ± 1 Å, which is in agreement with the expected size of the KcsA tetramer [44] and the value calculated from the model derived from the SAXS data (see Section 3.6). However, it should be noted that the sample contains also a large amount of empty DDM micelles with R h = 35.6 ± 0.2 Å as determined by DLS measurements on pure DDM solutions (see Section 3.5). Estimating the concentration of KcsA-DDM complexes and free micelles for aggregation numbers for DDM of, respectively, 250 and 120 (see Sections 3.6 and 3.5), it can be estimated that the contributions of the two species to the DLS intensity signal is about equal and therefore the determined R h is an average of that of the complexes and the free micelles. The average R h of the model for the complex and the free DDM micelle is estimated to be 44 Å which is somewhat lower than the experimental value. Up to a TFE concentration of 22%, the R h is 46-51 Å. Estimating the average R h for the SAXS model for the complexes and the free micelles at 22% gives a value of 40 Å also somewhat lower than the experimental value. The lack of change up to 22% TFE supports the limited changes in the GPS-NMR PC1 and PC2 components in this region. In the region of 24 to 29% TFE, the R h reaches a maximum of 81± 5 Å. This large radius suggests that the protein forms a more extended structure here, coinciding with a major change in PC1 in the GPS-NMR data. Since this large radius cannot be explained by a monomeric KcsA species, we suggest that KcsA still maintains a tetrameric form up to 29% TFE. Between 29 and 36% TFE, we observe a value of 44 ± 2 Å for R h . The decrease in R h , correlating with major changes in the GPS-NMR PC2 component, is likely due to dissociation of the tetramer. This is in agreement with the findings that monomeric KcsA is detected from around 30% TFE by SDS-PAGE [22] and becomes accessible to chymotrypsin cleavage above 30% TFE. If monomeric KcsA is fully unfolded, R h is expected to be 42 Å while it would be expected to have a radius of~20 Å if folded to a plausible compact globular state [45] . The measured R h of 44 ± 2 Å in the region 29 and 36% TFE may correspond to the presence of a fully unfolded monomer or a single monomer partially unfolded (see Section 3.3). Under experimental conditions identical to ours (5 mM DDM, 100 KCl and 20 mM Hepes), it has been observed that DPH (1,6-diphenyl-1,3,5-hexatriene) fluorescence is extinguished in the range around 30% TFE indicating a loss of micelles and KcsA-bound DDM [22] . In the same study, it was shown that the unfolding of KcsA takes place between 20 and 30% TFE. We note that the micelle disruption is confirmed by SAXS measurements performed during titration of DDM solutions (same detergent concentration and buffer) in the absence of protein. These measurements show that the DDM micelles are dissolved at about 22-24% TFE (see Section 3.5). Above 36% TFE, R h decreases further to 21 ± 8 Å being in agreement with the expected radius of a compact globular state [45] . This suggests that in the absence of detergent molecules to protect the hydrophobic regions from contacts with the polar environment, the KcsA monomer loses its native structure and reaches a very compact (collapsed) folded conformation. This is in agreement with the finding that the folding process of KcsA is irreversible above 34% TFE [22] . The decrease of R h between 36 and 50% TFE may be ascribed to a shift of the secondary structure towards a more α-helical state [46] , potentially explaining the last step observed in the GPS-NMR 2D score plot in Fig. 1b revealing a change up to 44% TFE.
The light scattering intensity is proportional to cM where c is the mass concentration of the sample in the beam and M is the weightaveraged molecular mass of the particles. The light scattering intensity (Fig. 2d) can thus give additional information on the presence of aggregates in the sample, but the interpretation is not straightforward since it is also dependent on the concentration of soluble particles. The concentration of scattering objects was not constant as the samples above 17% TFE had aggregates and the samples were centrifuged to remove these [10] . Between 7 and 11% TFE, there is a good correspondence between the signal scattering increase and the slight NMR signal decay (Fig. 2b) . Interestingly, the same concentration has been reported as the half transition point for the dissolution of KcsA clusters [16] . The data could indicate that dissolution of KcsA clusters results in a first weak precipitation process.
The volume fraction of aggregates at low TFE concentration is in agreement with the modeling of the SAXS data (see Section 3.6) which shows that all protein is in the complexes at 0 and 1% TFE. The appearance of large aggregates at 22% TFE in the SAXS data (see Section 3.6), and the fact that only about 50% of the protein is in the complexes, is also in agreement with the DLS intensity. Similar to the scattering intensity, the intensity of the 1 H NMR signals from the KcsA amide and aromatic regions increases with TFE concentration, but oppositely it decreases with an increasing particle size. Note that the particle size is described in terms of the local rotational correlation time, and thus describes the size of the independent structural units rather that of the whole particle. Qualitatively, changes in the DLS and NMR intensities have an inverse relation. But there are two important exceptions: there is no observable change in the NMR intensity corresponding to the increase in scattering intensity between 11 and 22% TFE; and in spite of the otherwise inverse relation, both intensities are higher at the end of the titration than in the beginning. This may suggest that the overall shape of the curve is dominated by changes in size and not concentration. It should be noted that even if the solutions used for NMR experiments were not centrifuged, aggregates of the size sensitive to centrifugation are not visible by NMR, and thus did not affect the NMR measurements as shown by a constant line width of the DSS reference signal (data not shown).
Above 25% TFE, the sedimented aggregates are redissolved resulting in a marked increase in the DLS signal intensity (Fig. 2d) until 33% TFE when the size of the aggregates starts to decrease strongly. This behavior correlates nicely with the changes in the GPS-NMR PC1 component (Fig. 2a) , the loss of NMR intensity (Fig. 2b) , and the abrupt decrease of the R h (Fig. 2c) in this region. All together, the data suggest that the tetramer after the expansion at 26-29% TFE dissociates, which through formation of aggregates leads to increased precipitation. At 34% TFE, the scattering signal strongly decreases indicating a change of the main species in the solution in agreement with that the NMR signal intensity and the DLS R h change significantly in the region above 36% TFE. Re-solvation of aggregates and perhaps even resolubilization of precipitates takes place at this high concentration of TFE.
3.3.
H NMR spectral signatures of folding states
To compare the spectral signatures of the different states discovered by GPS-NMR and supported by DLS measurements, 1 H NMR spectra observed for the KcsA:DDM:TFE mixture at 0, 24, 34, and 50% TFE are shown in Fig. 3 . These spectra reflect the four main conformational states we are presumably operating with at this stage: the initial tetrameric state, a tetrameric state at 24% TFE, a monomeric state at 34% TFE and finally, a potentially refolded state at 50% TFE. Comparison of the spectra in Fig. 3a and b reveals changes in the dominant signals around 6.8, 7.4, and 7.8 ppm ascribed in part to signals from the hexahistidine tag. Disregarding these changes, the overall signatures of the spectra appear to be quite similar, implying that as viewed from the 1 H liquid-state NMR visible signals, the initial structure remains largely invariant, potentially with small changes as revealed by both the first and second principal component. SAXS data (Section 3.6) indicate a shrinkage of the DDM rim up till 22% TFE implying that new signals could appear due to the rearrangement of the protein (first denaturation) as the rim get smaller. Comparison of Fig. 3b and c reveals a more radical change of the overall spectrum, with the two broad resonances at 6.8 and 7.8 ppm in the 24% TFE spectrum being absent in the 34% TFE spectrum while the resolution of the observable protein signals increases. This is indicative of the introduction of new species that tumble faster, most likely being the KcsA monomer, while noting at the same time that the signal-tonoise ratio (cf. Fig. 2b ) is lower due to simultaneous formation of larger aggregates. We note that at 34% TFE the signals are more dispersed, indicating a folded species in the solution in agreement with the R h measurement. Comparison of the spectra at 34% (Fig. 3c) and 50% (Fig. 3d) TFE reveals that the further rearrangements occur in the 34-50% TFE region leading to higher signal intensities, sharper lines, and more chemical shift dispersion. At 9.8 ppm new signals appear in the spectrum which were assigned to Trp residues from the membrane-solvent interfacial regions of the helices not being visible at lower TFE concentrations. These well-resolved signals could be indicative of increased secondary structure of monomeric form refolding in the range of 34-50% TFE. This interpretation is corroborated by previous data [22] and by the well-known effect of TFE stabilizing α-helices [46, 47] . The comparison of spectra in Fig. 3 and loadings in Fig. 1 suggests that PC1 encapsulates aggregation and formation of a fast tumbling specie on going from 0 to 34% TFE.
The effect of TFE: interaction between TFE and DDM in absence of
KcsA studied by 1 
H NMR
Understanding the behavior of TFE is a central ingredient in establishing a model for chemical unfolding of membrane proteins. The physical properties of TFE are known, and in the present context its clustering ability due to the hydrophobic trifluoromethyl group [48] is relevant. Cluster formation by TFE and other alcohols resembles micelle formation by surfactants to such a degree that the alcohol clustering concentration, ACC, has been introduced to describe the phenomenon [49] . TFE affects protein structures by increasing the strength of hydrogen bonding and charge-charge interactions, and decreasing the hydrophobic effect [47, 50] . The interaction between membrane proteins and TFE is anticipated to follow similar trends as for soluble proteins where two major effects are observed: (i) TFE penetrates the hydrophobic core and solvates certain groups in the polypeptide chain. This structural destabilization causes formation of aggregates or in some cases even fibrillar structures [51] below 35% TFE with the lower concentration limit depending on the stability of the protein [52] . (ii) At higher TFE concentrations the increase in hydrogen bond strength stabilizes helical structures [47, 53] which has been observed for KcsA in the interval between 35 and 55% TFE [22] .
For membrane proteins, the interactions between TFE and the membrane or the membrane-mimicking detergents are also of importance. The buildup of a new structure for KcsA in DDM micelles in the region between 34 and 50% TFE may be due to the stabilization of α-helices as observed for soluble proteins [46] . Similarly, formation of precipitate is in agreement with the findings for soluble proteins, but it is not obvious that it is only the direct KcsA-TFE interactions that are important for the tetramer stability. As an example, the gradual addition of TFE to a solution of DDM changes the overall physico-chemical properties of the detergent system, including the critical micelle concentration (CMC) of DDM [54] . Accordingly, the perturbation of DDM by TFE may indirectly induce structural changes in KcsA as part of the three-component system KcsA:DDM:TFE. Further evidence for this is provided by stopped-flow studies in which changes in the kinetics of unfolding coincide with changes in TFE-DDM interactions (see Supplementary information).
To shed further light on the complex interactions in the KcsA: DDM:TFE system, we supplemented our GPS-NMR analysis with an investigation of the interaction of TFE with DDM micelles in the H chemical shift region, wherefore we resort to standard data analysis rather than PCA in this case. The experiments were conducted by adding TFE to a solution of 5 mM DDM in 100 mM KCl, after which 1D 1 H NMR spectra were recorded and the chemical shifts for the TFE and DDM constituents measured. For DDM, we measured chemical shifts of the anomeric proton of the hydrophilic sugar head and the hydrophobic tail protons: CH 2 (2) close to the DDM sugar rings, CH 2 (3) (4) (5) (6) (7) (8) (9) (10) (11) in the middle of the chain, and CH 3 at the end (numbers in parenthesis denote carbon position). For comparison, the chemical shift changes relative to the relevant chemical shift observed prior to addition of TFE (δ − δ 0 ) are shown in Fig. 4a . The chemical shifts of all signals decrease until 31% TFE and then increase again. Addition of TFE affects the dipolarity, acidity, and basicity of the water/TFE solution [55] . Interestingly, the systematic chemical shift changes are consistent with the changes in basicity, that is, the ability of the solvent molecules to function as hydrogen-bond donors, as measured previously for TFE/ water mixtures [55] , which increases up to 31% TFE and then decreases.
A more detailed look at the 1 H chemical shifts reveals that the shifts of the anomeric (Fig. 4a , blue line) and CH 2 (2) (Fig. 4a , green line) protons decrease almost linearly up to 31% TFE. The CH 2 (3-11) (Fig. 4a , red line) and CH 3 (Fig. 4a , black line) protons in the DDM tail are affected differently, which was ascribed to shielding from the solvent by the micelle. Consequently, this effect is most pronounced for the CH 3 , which is considered most deeply buried in the micelles. An effect of TFE is to decrease the solvent polarizability [55] , and it has been shown that the CMC increases as the solvent polarizability decreases [54] . The smaller shift changes for the CH 3 up to 24% TFE are consistent with a model where these protons are still solvent protected by DDM molecules rearranging to form micelles of smaller and smaller dimension until they finally form small aggregates of 2-3 molecules earlier referred to as premicelles [56] . All DDM protons reach their lowest chemical shifts around 31% TFE. Fig. 4b shows the intensity of the DDM CH 2 (3-11) 1 H NMR signals, that constantly increases up to 24% after which it stays constant. This was ascribed to a higher degree of mobility of DDM molecules (within the micelle, exchange of molecules in and out of the micelle, or of the entire micelle) and/or a higher population of DDM molecules in a liquid-state NMR-visible state. Up to 31% TFE, the shape of the intensity curve resembles that for the anomeric 1 H chemical shift (except for the sign), suggesting that the two parameters depend on the same environmental factors. The observations are consistent with DDM molecules assembling into smaller micelles or being released as monomers up to 24% TFE. This concentration corresponds to the end of the plateau described by the chemical shift of the CH 3 .
The sharp decrease in the chemical shifts for CH 2 (3) (4) (5) (6) (7) (8) (9) (10) (11) and CH 3 up to 31% TFE likely describes an increase in TFE exposure in this range. As judged from the CH 2 (3-11) signal intensity, this exposure is not related to the type of mobility described by this parameter.
DLS and SAXS analysis of DDM-TFE complexes
The DLS data for DDM titrated with increasing amounts of TFE (Fig. 4c) show a decreasing micelle size as measured in terms of the R h . At 31% TFE, R h is very small (10 ± 1 Å) which is ascribed to DDM being present in a monomeric form. Interestingly, the dissolution of the micelles at 31% TFE coincides with the maximum value for the TFE basicity that was also reflected in the chemical shifts of DDM and TFE.
SAXS data for DDM micelles with an increasing TFE concentration are reported in Fig. 4d-f . The data below 20% TFE display a pronounced minimum and a secondary maximum at higher q, which is characteristic for core-shell micelles with an opposite sign of the excess electron density in the core and shell. For hydrocarbon micelle cores in water, the electron density is lower than that of water giving a negative excess electron density. The polar head groups are more electron dense and have a positive excess electron density in water. The data were analyzed by fitting an elliptical core-shell model to the data. For 0-2% TFE, oblate shaped micelles give the best fits to the data, whereas the fits are equally good for oblate and prolate shaped micelles for larger TFE concentrations. The model does not fit the data satisfactory above 19% TFE. The aggregation numbers and hydrodynamic (see Section 2.6) radii derived from the oblate and prolate models are similar, and only the results for oblates are given in the following. A subset of the SAXS data with their respective fits is shown in Fig. 4d , (for further explanation, see Materials and methods). At TFE concentrations between 0 and 2%, the micelles have an aggregation number N agg of around 110-120 (Fig. 4e) , similar to earlier reported values [38, 57, 58] . Gradually increasing the TFE concentration decreases the micelle size and thus the aggregation number, as shown in Fig. 4e . The decrease in micellar size is in agreement with the observations from DLS. For the SAXS data at 0% TFE, the model has micelle core half axes of (25.9 ± 0.2 Å, 25.9 ± 0.2 Å, 13.9 ± 0.2 Å) and a fixed headgroup shell thickness of 8 Å. The dimensions of the core change gradually to (19.4 ± 0.5 Å, 19.4 ± 0.5 Å, 10.8 ± 1.0 Å) at 14% TFE. Upon addition of TFE to the system the micellar size decreased further.
The R h of the micelles was also calculated from the micelle model determined by SAXS. The calculation uses the micelle dimensions [33] and considers also the roughness of the outer interface by adding two times the width of the interface to the size. The value is 33 Å at 0% TFE and decreases linearly to 25 Å at 19% TFE in very good agreement with the experimentally determined values (Fig. 4c) Increasing the TFE concentration to 22-24% introduces a significant change in the SAXS scattering pattern, (Fig. 4f) . The signature of a core-shell particle vanishes, however, the data clearly show the presence of variation in electron density on the nanometer length scale. Thus, micelles in the normal sense are no longer present in the solution. However, the surfactant is not dissolved as single molecules. At TFE concentrations of 31% and above, the scattering resembles that of small molecules. Accordingly, it is expected that the DDM molecules are present as single molecules in the solution at these concentrations of TFE. This is in agreement with the DLS measurements where the R h from 31% and above is very small, around 10 Å. As discussed below the change in the level of surfactant organization occurring between 24 and 31% TFE has the interesting characteristic that it causes a sharp decrease in the 1 H chemical shifts for CH 2 (3-11) and CH 3 while leaving that of the anomeric proton largely unaltered, implying that the chemical environment of the detergent tails changes drastically while it remains unaltered in the heads.
Goto et al. previously reported alcohol clustering of TFE in water [49] . We also collected SAXS data on the TFE-water mixtures (data not shown), which indicates that small clusters are present for TFE concentrations above 20% TFE, however, with a correlation length that does not exceed 5 Å. This cluster size is obtained from the SAXS data for the TFE-water mixtures by fitting a Lorentzian function. Between 31 and 47% TFE, the 1 H chemical shifts of all the tail protons are similarly affected (Fig. 4a) . However, above 47% TFE a possible interaction between CH 3 , which is the most hydrophobic part of the molecule, and these clusters might be suggested by the sharp increase in the CH 3 chemical shift (Fig. 4a, black line) , which is not seen for the rest of the molecule at these concentrations. Overall, our data suggest that the interaction between TFE and DDM can be described by two phases: micellar shrinkage and TFE cluster formation. In the first phase, TFE makes the DDM molecules rearrange to form micelles of gradually decreasing size. At 22% TFE there are no more micelles in the solution leaving clusters of a few molecules (premicelles) and around 31% TFE, DDM is monomeric in the solution. After that TFE molecules rearrange to form small clusters. This observation has implications on our interpretation of the KcsA data in the sense that it may suggest that the disassembly of the tetramer at 29% TFE is caused by TFE dissolving the surrounding rim, and that the collapse of the KcsA structure is caused by dissolution of all DDM molecules by TFE. However, the unfolding of the solvent exposed domains of KcsA around 24% TFE cannot be explained by the interactions between DDM and TFE, and is likely due to direct interactions between TFE and the protein as discussed above.
SAXS measurements on KcsA-DDM complexes influenced by TFE
With the aim of obtaining more information about the structure of KcsA solubilized by DDM and the influence of TFE, we performed SAXS measurements on the KcsA-DDM system in the presence of 0, 1, 22, and 29% TFE. Those values were chosen to verify the effect of TFE at very low concentration (0 and 1% TFE) and to compare the aggregation state of DDM molecules with and without the protein (around 22-24% TFE, it is expected that DDM micelles dissolve in the absence of protein). The data are shown in Fig. 5a and the corresponding p(r) obtained by IFT are shown in Fig. 5b and c. The SAXS data show a minimum and a clear secondary maximum at high q, similar to what is observed for the pure DDM micelles in the TFE mixtures. The secondary maximum also moves to higher q values with increasing amounts of TFE. This shows that core-shell structures are also present in the samples with KcsA. The p(r) function corresponds to a histogram of distances between pairs of points within the complexes weighted by the excess electron density at the points and it has been normalized for the variation in protein concentration resulting from the titration with TFE. The oscillatory feature at short distances in p(r) originates from the core-shell structure of the DDM rim and the DDM free micelles and the variation of excess scattering length between surfactant tail and head. Overall, there is a large variation in the shape and scale of the p(r) functions in Fig. 5b . The contrast of the protein is reduced between 0 and 29% TFE from about 0.10 to 0.06 e/Å 3 , however, this is not enough to explain the changes. Therefore one has to conclude that protein is precipitating and not contributing to the SAXS signal at 22 and 29% TFE consistent with the DLS data in Fig. 2 . Another important parameter that can be derived from the p(r) functions is the maximum diameter of the complexes. It is 175 Å for 0 and 1% TFE and, respectively, 240 Å and 280 Å for 22 and 29% TFE. These values are much larger than the corresponding value of about 116 Å that can be derived from the structure of the KcsA tetramer [44] . This shows that even for 0 and 1% TFE, the complexes tend to associate which could explain the higher observed hydrodynamic radii compared to those estimated for the samples containing both complexes and free DDM micelles. The presence of aggregates and clusters can also be directly observed in the SAXS data, in particular for 22 and 29% TFE as the strong increase in intensity as q goes towards zero. KcsA is known to form clusters [16, 59] , however, we cannot from the data conclude anything about the structure of these aggregates. In order to reduce the influence of the clusters in the further modeling data below q = 0.04 Å − 1 was disregarded.
A structural model (Fig. 6b) for the KcsA-DDM complex was constructed using the structure of KcsA (PDB entry: 1F6G) [44] for the Cα chains and a detergent rim represented by points generated by Monte Carlo methods. When comparing the scattering from the model to the SAXS data, the scattering from free DDM micelles corresponding to 5 mM DDM was added. However, this did not give a satisfactory fit to the data since the secondary maximum is more pronounced than this combination gives. The KcsA was up-concentrated to about 2.0 mg/ml for the SAXS measurements, and in this process there is a risk of also up-concentrating the DDM. Therefore, we also considered the possibility of having a larger concentration of DDM. The best fit of the model was obtained when adding the scattering from free DDM micelles corresponding to three times the expected concentration. Note that the scattering for free micelles at this concentration was measured independently for the relevant TFE concentrations. Although the micelles dissociate above a TFE concentration of 20% at 5 mM DDM, a 15 mM DDM sample has a concentration above CMC and micelles are still present at this concentration.
Without TFE, a model of KcsA with a detergent rim of 250 DDM molecules and a free micelle concentration of 15 mM describes the SAXS data. The model fit (Fig. 6a ) yields a reduced χ 2 value of 51
(with the dominating contribution from deviations at high q) so the fit is not perfect, however, as the figure shows, the modeling of the data reproduces quite well the q dependence of the SAXS data, with the largest deviations at large q. This allows us to conclude that the model displayed in Fig. 6b is a very likely model for the complexes in the absence of TFE. The scattering intensity of the model is in good agreement with the SAXS data on absolute scale and we estimate that 90-100% of the protein is in the solution. The dimensions of the rim in the model are given in the caption of Fig. 6b . The R h of the model for the KcsA-DDM complex was calculated as 51.1 Å using HYDROPRO [31, 32] . The comparison of this value to the experimentally determined value requires the consideration of the free micelles as described above. The SAXS data at 1% TFE is very similar to those in pure water and therefore these data were not modeled. The SAXS data of the KcsA-DDM system were also modeled at 22% TFE ( Fig. 6c and d) . This was possible by assigning a smaller DDM rim of 150 molecules to the complex and by combining the scattering of the complex with that of DDM micelles in 22% TFE and 15 mM of DDM. The model fit yields a reduced χ 2 value of 5 and it is evident that there are still free micelles in the solution. The dimensions of the rim are given in the caption of Fig. 6d . The R h calculated by HYDROPRO [32] is 46.5 Å. The modeling shows that it is possible to describe the experimental SAXS data sets at both 0 and 22% TFE with the same structure of KcsA, however, assigning a smaller DDM rim to the protein at 22% TFE. This is in agreement with the CD measurements [22] which show that the secondary structure of KcsA is preserved up to 22% TFE. Comparing the scattering intensity of the model with the SAXS data on absolute scale allows us to estimate that about 50% of the protein is in the complexes at 22% TFE. The SAXS data at 29% TFE and the p(r) function suggest that the KcsA structure is open with long intracomplex distances. At high q, the data follow the scattering from empty micelles, and at low q, there is an additional contribution from larger structures. The data thus contain very little information on the structure of KcsA and therefore these data were not modeled. These findings are all in good agreement with the GPS-NMR and DLS results and their interpretations as discussed above.
Discussion
The interaction of TFE with an α-helical membrane protein, KcsA, has been investigated by GPS-NMR and measurements of other NMR parameters, DLS, and SAXS. GPS-NMR is a new method which here is applied to give an overview of the folding space of KcsA. To summarize the results of our measurements and the data reported in the literature [16, [22] [23] [24] 43, 60] , the model in Fig. 7 is proposed for the interaction of TFE with KcsA reconstituted in DDM micelles.
In Fig. 7a and b, the GPS-NMR 2D score plot and the DLS data are reported along with schematic illustrations of the different states populated by KcsA at increasing TFE concentrations (Fig. 7c-g ). The native structure in Fig. 7c is based on the architecture of full length KcsA [44] and displayed in accordance with the SAXS model discussed above. According to GPS-NMR and SAXS, the main changes up to 24% TFE are due to the shrinkage of the rim surrounding the protein, which represents a first rearrangement in the protein. The cartoon presented in Fig. 7d shows an exposed turret, but the denaturation could also involve a rearrangement of the soluble Cterminal. This KcsA state is based on the model by de Kruijff and coworkers [24] and is in agreement with the SAXS model at this TFE concentration. The decrease of the protein signal intensity measured by 1 H NMR (also supported by DLS and SAXS observations), which could be due to the formation of precipitate [23] is represented in the model by the β-sheet aggregates (Fig. 7h) . The β-conformation is consistent with experimental results from the groups of de Kruijff [23] and Otzen [10, 23] . Above 22-24% TFE, KcsA starts to rearrange to an expanded form (Fig. 7e) as also revealed by CD [22] and DLS measurements. There are several possible ways in which the tetrameric form may expand or dissociate. DDM molecules and TFE could accumulate around the protein forming a very large soluble aggregate. The tetramer could alternatively dissociates into two KcsA dimers which move away from each other as the TFE concentration is increased. An open tetramer with a smaller number of DDM molecules associated seems to be consistent with the previous gradual displacement of DDM and with the later stages of the model. In fact, the open tetramer explains the abrupt formation of the monomer, the large R h measured by DLS, and the formation of a partially folded monomer above 29% TFE. The tetramer breaking could also lead to precipitation as reported by the decrease in the overall 1 H NMR signal intensity and previous data [23] . The small arrow (Fig. 7h) indicates further precipitation. Between 29 and 34% TFE, the main species in the solution is a semi-folded monomer as judged from the NMR spectra, DLS, CD data, and by chymotrypsin data [23] (Fig. 7f) . 1 H NMR and DLS also suggest resolubilization of precipitated protein in accordance with earlier observations for DsbB [10] . The solvent exposed parts of the protein are unfolded before and during dissociation of the tetramer. Above 34% TFE the displacement of the last DDM molecules results in the formation of a collapsed monomer (Fig. 7g) , and the structural information transmitted by the translocon during the native folding process is permanently lost. Returning to TFE concentrations lower than 34% is not sufficient to reconstitute the tetramer [22] . The irreversible collapse above 34% TFE helps us understand that temperature-induced unfolding of α-helical membrane proteins is irreversible because the detergent molecules are irreversibly displaced by the increase in kinetic energy at higher temperatures. The collapsed monomer structure is fully stabilized at 44% TFE. The model in Fig. 7 is consistent with earlier experimental results. First of all, the reversibility of the process up to 34% [22] could be due to the formation of a partially unfolded monomer that can reconstitute the tetramer after dilution as the transmembrane segments are not yet irreversibly collapsed. At the same time, the model explains why the monomeric form of KcsA is the most prevalent at higher TFE concentrations [22] . Both direct and indirect interactions between TFE and KcsA are central in the model. The high hydrophobicity of TFE could be responsible for the interactions with both the detergent and hydrophobic regions of the protein. Up to 22-24% TFE, the main changes are in the detergent rim of the protein, and above 22-24% TFE in the protein structure. As indicated by previous models, denaturation and tetramer dissociation are coupled processes [22, 23] . Barrera et al. has shown that in the range 1-50 mM DDM the TFE 1/2 needed to unfold the protein does not change with the DDM concentration [22] . Van den Brink-van der Laan have suggested that the effect of TFE on KcsA depends on the effective overall shape of the lipids applied to the protein reconstitution [23] . By considering the possibility that KcsA and detergent molecules could form independent particles with properties different from those of the coexisting pure DDM micelles, it remains unclear if the direct interaction of TFE with the protein or the DDM displacement is responsible for the protein denaturation. The retention of secondary structure even above 30% TFE as indicated by the NMR spectra (see Section 3.3) may indicate that the most of the unfolding involves soluble regions of KcsA (for example the turret region as previously suggested [24] ). On the contrary, α-helical regions which strongly interact with lipids [60] and are naturally embedded in the membrane could preserve their structure up to the definitive displacement of DDM molecules. Therefore, the actual extent of unfolding of KcsA induced by TFE is not yet known and requires further investigations.
From a biological point of view the model shows the indispensability of the membranous environment during the folding or refolding of membrane proteins. It has been shown that KcsA requires some lipids bound to allow refolding [60] . The translocon is thus necessary to drive the interaction between the folding helical membrane protein and the lipid.
A better understanding and conciliation of the data previously produced by different techniques (among these UV and CD spectroscopy, chymotrypsin digestion and differential sedimentation) regarding folding and unfolding of KcsA has been here achieved and expressed by the presentation of a low-resolution unfolding model. Such a model takes into account direct and indirect interactions of TFE with KcsA protein but also interactions of TFE with the detergent molecules. The model is obtained owing to the combination of SAXS, DLS, and GPS-NMR methods. The experimental approach is specifically applied to KcsA reconstituted in DDM but it can be applied to any membrane protein and is a powerful way to investigate membrane protein folding and unfolding processes. Even though the model is of low resolution, the strategy presented here allows fast mapping of global changes in complex systems and the identification of transition points in the systems.
